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Abstract Improvement of the host resistance by using

hazard free chemical elicitors is emerging as an alternative

approach in the field of plant disease management. In our

present work, we have screened the efficacy and possible

mechanism of abiogenic elicitors like Dipotassium hydrogen

orthophosphate (K2HPO4), Oxalic acid (OA), Isonicotinic

acid (INA), Salicylic acid (SA), Acetylsalicylate (AS),

Arachidonic acid (AA) and Calcium chloride (CaCl2) to

stimulate innate immune responses in Lycopersicum escu-

lentum Mill. Excised tomato leaves, treated with elicitors at

three different concentrations, were found to stimulate

defense and antioxidative enzymes, total phenol and flavo-

noid content after 24 h of incubation. CaCl2 (0.5 %) fol-

lowed by INA (2.5 mM) were found most effective in

activation of all such defense molecules in tomato leaves.

Furthermore, nitric oxide (NO), a key gaseous mediator in

plant defense signaling, was also measured after subsequent

elicitor application. Higher doses of elicitors showed an

elevated level of reactive oxygen species (ROS) generation,

enhanced lipid peroxidation rate and proline content, which

indicates the extent of abiotic stress generation on the leaves.

However, ROS production, lipid peroxidation rate and pro-

line concentration remain significantly reduced as a result of

CaCl2 (0.5 %) and INA (2.5 mM) application. A sharp

increase of total chlorophyll content was also recorded due

to treatment of CaCl2 (0.5 %). These results demonstrate the

effects of different abiogenic elicitors to regulate the pro-

duction of defense molecules. Results also suggest that

among all such chemicals, CaCl2 (0.5 %) and INA

(2.5 mM) can be used as a potential elicitor in organic

farming of tomato.
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Abbreviations

K2HPO4 Dipotassium hydrogen orthophosphate

OA Oxalic acid

INA Isonicotinic acid

SA Salicylic acid

AS Acetylsalicylate

AA Arachidonic acid

CaCl2 Calcium chloride

PO Peroxidase

PPO Polyphenol oxidase

PAL Phenylalanine ammonia-lyase

CAT Catalase

APX Ascorbate peroxidase

NO Nitric oxide

ROS Reactive oxygen species

DAB Diaminobenzidine

PVP Polyvinylpyrrolidone

PMSF Phenylmethane sulphonyl fluoride

TBARS 2-Thiobarbituric acid reactive substances

MDA Malondialdehyde

TCA Trichloroacetic acid

TBA Thiobarbituric acid

DAF-2DA 4,5-Diaminofluorescein diacetate

ASM Acibenzolar-S-methyl ester

NOS Nitric oxide synthase
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SNP Sodium nitroprusside
Introduction

Plants are regularly attacked by a broad range of invaders

such as viral, bacterial or fungal pathogens which leads to

huge reduction of crop yield. In order to protect the crops

from the microbial pathogens, farmers generally use various

alternatives (Thakur and Sohal 2013). Although the use of

chemical pesticides or fungicides remains the general means

of control but their application at field level is too expensive

and hazardous. Some of the chemical control measures used

are also recognized as carcinogens. In the last few decades,

considerable research has been completed in understanding

the molecular mechanisms leading to development of

resistance against various plant pathogens. Consequently,

this study could diminish the application of injurious

chemicals and provide growers with new alternatives for

sustainable agriculture (Hammond-Kosack and Parker 2003;

Mejı́a-Teniente et al. 2010). Detailed exploitation of defense

signaling cascades has led to the finding of hazard free

compounds known as elicitors which are able to induce

defense responses in plants (Gómez-Vásquez et al. 2004). In

this scenario, extensive research have been devoted for the

detection and expansion of natural and semi-synthetic

compounds from all sources to trigger immune responses in

plants (Goupil et al. 2012; Chandra et al. 2014a). Till date,

diverse group of inducers have been documented and used,

including glycopeptides, polymers of carbohydrate, deriva-

tives of lipids, and chemical salts (Acharya et al. 2011a;

Chandra et al. 2014a, 2015). In plants, generation of reactive

oxygen species (ROS) is one of the earliest indications of

elicitor recognition by plants. It further leads to activation of

signal transduction pathways, phytoalexin biosynthesis, cell

wall strengthening, callose deposition, defense related

enzymes synthesis, and the accumulation of pathogenesis-

related (PR) proteins (Van Loon and Van Strien 1999;

Thakur and Sohal 2013). Development of resistant crop was

achieved by the over expressing of various defense related

genes encoding defense enzymes and phenol production

(Maxson-Stein et al. 2002; Anand et al. 2009; Acharya et al.

2011a, b; Pal et al. 2011). Furthermore, signaling molecule

like nitric oxide (NO) beside many of its useful function

provide protection of plants in response to abiotic and biotic

stressors (Corpas et al. 2011; Leterrier et al. 2012). It was

well understood that regulation of plant defense genes by

NO signaling depends upon the nature of elicitor used

(Laspina et al. 2005; Hasanuzzaman et al. 2012; Chakra-

borty et al. 2014). In search of potential activators, foliar

application of several compounds like salts of calcium,

potassium, copper etc. at optimum concentrations has been

demonstrated advantageous to improve the superiority of

fruits and also provides resistance towards physiological

disorders (Alcaraz-López et al. 2005).

In this context, here an attempt has been made to find

out efficacy of different abiotic elicitors in production of

different plant defense enzymes, total phenol and flavonoid

content in a model plant tomato. Furthermore, different

abiotic stress markers like production of proline, ascorbate

peroxidase and lipid peroxidation rate is also examined to

check whether application of those chemicals produce

abiotic stress to the plant. Simultaneously, total chlorophyll

content was measured in elicitor treated leaves. Finally,

production of NO is also monitored to provide possible

signaling mechanism of action.

Materials and methods

Plant material

Tomato (Lycopersicum esculentum Mill) is an extremely

important crop for the economy of several countries like

India and thus chosen as the model plant in this study.

Treatment

To analyze the efficacy of different abiotic elicitor on

induction of defense response, healthy leaves of tomato

were excised and sprayed with solutions containing abiotic

elicitors like Dipotassium hydrogen orthophosphate

(K2HPO4), Oxalic acid (OA), Isonicotinic acid (INA),

Salicylic acid (SA), Acetylsalicylate (AS), Arachidonic

acid (AA) and Calcium chloride (CaCl2). For each elicitor,

three different concentrations were used which are listed in

Table 1. Leaves sprayed with water served as control. All

the sets were incubated in moist chamber for 24 h at room

temperature. Each experiment was carried out with three

replicates.

Enzyme assays

The leaf tissues were collected from different treated sets

after 24 h incubation and homogenized with liquid nitro-

gen. Five hundred milligrams of powdered sample was

extracted with 2 ml of extraction buffer specific for dif-

ferent enzyme, containing 0.1 % polyvinylpyrrolidone

(PVP) and 20 ml of 1 mM phenylmethane sulphonyl flu-

oride (PMSF): 0.1 M of sodium acetate buffer (pH 5.0) for

b-1,3 glucanase; 0.1 M sodium borate buffer (pH 8.7) for

Phenylalanine Ammonia Lyase (PAL) and 0.1 M of

sodium phosphate buffer (pH 7.0) for peroxidase, catalase,

ascorbate peroxidase and polyphenol oxidase (Chakraborty

et al. 2014). All the extraction procedures were conducted

at 4 �C. The homogenate was centrifuged at 11,0009g for

20 min at 4 �C. The supernatants were used as the crude
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enzyme source for the enzymatic assays. Then it was

transferred to a 2 ml Eppendorf tube and stored at -80 �C
for further use.

Peroxidase (PO)

PO activity was carried out, following the method of

Hemeda and Klein (1990). The substrate was prepared with

5 ml of 1 % guaiacol, 5 ml of 0.3 % H2O2 mixing and

50 ml of 0.05 M sodium phosphate buffer, pH 6.5. The

reaction mixture was prepared with 2.95 ml of substrate

and 0.05 ml of enzyme extract and the absorption change

was measured at 470 nm for 3 min. PO activity was

determined by the increase in the absorbance due to gua-

iacol oxidation and expressed as change in the absorption

of the reaction mixture min-1 mg-1 of protein

(E = 26.6 mM-1 cm-1).

Polyphenol oxidase (PPO)

PPO activity was estimated using the method of Kumar and

Khan (1982). The reaction mixture consisted of 2 ml of

0.1 M sodium phosphate buffer (pH 6.5), 0.5 ml of crude

enzyme extract and 1 ml of 0.1 M catechol. The assay

mixture was incubated for 10 min at room temperature.

Reaction was stopped by adding 1 ml of 2.5 N H2SO4. The

absorption of purpurogallin formed was read at 495 nm.

The blank was prepared by adding 2.5 N H2SO4 at zero

time for the same assay mixture. The PPO activity was

expressed in U min-1 mg-1 protein (U = change in 0.1

absorbance min-1 mg-1 protein).

Phenylalanine ammonia-lyase (PAL)

PAL activity was determined as the rate of conversion of

L-phenylalanine to transcinnamic acid at 290 nm as men-

tioned by Dickerson et al. (1984). Assay mixture contain-

ing 200 ll of enzyme extract was incubated with 1.3 ml of

0.1 M borate buffer (pH 8.7) and 0.5 ml of 12 mM

L-phenyl alanine in the same buffer for 30 min at 30 �C.
The amount of transcinnamic acid synthesized was calcu-

lated by measuring absorbance at 290 nm after incubation.

Enzyme activity was expressed as synthesis of transcin-

namic acid (in nmol quantities) min-1 g-1 protein.

b-1,3 glucanase

b-1,3 glucanase activity was assayed according to the method

of Pan et al. (1991). The reaction mixture was prepared with

crude enzyme extract (50 ll) mixing with equal amount of

the substrate 1 % laminarin and was incubated for 1 h at

room temperature. Then the reaction was stopped by adding

300 ll of dinitrosalicylic acid reagent followed by boiling for

10 min on a boiling water bath. The resulting colored solution

was diluted with the addition of distilled water to make the

total volume up to 2 ml, vortexed and the absorption was

measured at 520 nm. The blank set was prepared with equal

amounts of crude enzyme and laminarin without incubation.

The enzyme activity was expressed as lmol of glucose pro-

duced min-1 g-1 protein.

Catalase (CAT)

CAT activity was determined spectrophotometrically fol-

lowing the method Cakmak and Horst (1991). The reac-

tion mixture contained: 100 lL of the crude enzyme

extract, 50 lL of hydrogen peroxide (0.3 %) and volume

was made up to 3 ml by addition of phosphate buffer

(50 mM, pH 7.0). The reaction is initiated by the addition

of hydrogen peroxide. The decrease in absorbance was

recorded for 3 min for a wavelength of 240 nm. The

catalase activity is expressed as nmol min-1 g-1 of pro-

tein with help of a molar extinction coefficient

e = 39,400 M-1 cm-1.

Ascorbate peroxidase (APX)

APX activity was determined according to Nakano and

Asada (1981). The reaction mixture contained 50 mM

potassium phosphate (pH 7.0), 0.2 mM EDTA, 0.5 mM

ascorbic acid, 2 % H2O2, and 0.1 mL enzyme extract in a

final volume of 3 mL. The decrease in absorbance at

290 nm for 1 min was recorded and the amount of ascor-

bate oxidized was calculated using extinction coefficient

Table 1 List of abiotic elicitors

applied on leaves of tomato

plants

Elicitor Concentration

Dipotassium hydrogen orthophosphate (K2HPO4) 2 mM 25 mM 50 mM

Oxalic acid (OA) 1 mM 2.5 mM 5 mM

Isonicotinic acid (INA) 2.5 mM 5 mM 10 mM

Salicylic acid (SA) 1.25 mM 2.5 mM 5 mM

Acetylsalicylate (AS) 1 mM 2.5 mM 5 mM

Arachidonic acid (AA) 0.1 mg/ml 0.25 mg/ml 0.5 mg/ml

Calcium chloride (CaCl2) 0.5 % 1 % 2 %

Physiol Mol Biol Plants (July–September 2016) 22(3):307–320 309

123



(e = 2.8 mM-1 APX was defined as 1 mmol mL-1 per

min at 25 �C, cm-1). Enzyme activity was expressed as

lmol min-1 g-1 protein.

Estimation of total protein content

Bradford assay (1976) was employed, to test the protein

concentration of each extract using bovine serum albumin

as a standard.

Estimation of total phenol

Estimation of total phenol was determined following the

method of Zieslin and Ben Zaken (1993). 250 mg of fresh

leaf tissue was homogenized in 2 ml of 80 % methanol and

the material was kept and maintained in 65 �C for 15 min.

The material was then centrifuged at 10,0009g for 10 min

at room temperature and the supernatant was collected and

was used to estimate the phenol content of the material.

The reaction mixture was prepared by adding 1 ml of crude

extract to the mixture of 5 ml distilled water and 250 ll of
1 N Folin ciocalteu reagent. The reaction mixture was

incubated for 30 min at room temperature. Phenolic con-

tent was measured spectrophotometrically at 725 nm using

gallic acid as standard. The amount of total phenol was

expressed as lg gallic acid produced g-1 tissue.

Estimation of total flavonoid content

Total flavonoid content was determined by following the

method of Chang et al. (2002). 150 mg of fresh leaf tissue

was ground in 2 ml of 80 % ethanol and the material was

kept in dark place for 30 min after that it was then cen-

trifuged at 10,0009g for 5 min at room temperature. The

reaction mixture was prepared with 1 ml of crude extract

(supernatant) mixed with 4.3 ml of 80 % aqueous ethanol,

0.1 ml of 10 % aluminum nitrate, and 0.1 ml of 1 M

aqueous sodium acetate. The reaction mixture was then

kept in dark place for 30 min. After incubation, the

absorption was measured at 415 nm. The amount of total

flavonoid was expressed as mg g-1 of the tissue sample.

Estimation of chlorophyll content

Total chlorophyll was estimated following Arnon’s method

(1949). 500 mg of fresh leaf sample was ground in 4 ml of

80 % alkaline acetone (20 ml 0.1 N NaOH) and the extract

was centrifuged at 70009g for 10 min at room tempera-

ture. The supernatant was collected and the absorbance of

the solution was read at 645 and 663 for total chlorophyll

and were calculated by following formula:

Total chlorophyll mg g�1
� �

¼ 20:2 D645ð Þ þ 8:02 D663ð Þ
� V=1000� w

where, D = optical density; V = final volume of 80 %

acetone (ml); w = dry weight of sample taken (g).

Determination of Lipid Peroxidation rate

Oxidative damage to leaf lipids was estimated by the

content of total 2-thiobarbituric acid reactive substances

(TBARS) expressed as equivalents of malondialdehyde

(MDA). TBARS content was estimated by the method of

Cakmak and Horst (1991). Fresh leaf samples (0.2 g) were

ground in 5 ml of 0.1 % (w/v) trichloroacetic acid (TCA),

at 4 �C. Following the centrifugation at 12,0009g for

5 min, an aliquot of 1 ml from the supernatant was added

to 4 mL of 0.5 % (w/v) thiobarbituric acid (TBA) in 20 %

(w/v) TCA. Samples were heated at 90 �C for 30 min.

Thereafter, the reaction was stopped in ice bath. Centrifu-

gation was performed at 10,0009g for 5 min, and absor-

bance of the supernatant was recorded at 532 nm on a

spectrophotometer and corrected for non-specific turbidity

by subtracting the absorbance at 600 nm. The following

formula was applied to calculate malondialdehyde content

using its absorption coefficient (e) and expressed as nmol

malondialdehyde g-1 fresh mass following the formula:

MDA nmol g�1FM
� �

¼ A532� A600ð Þ � V � 1000=e½ �
�W

where e is the specific extinction coefficient

(=155 mM cm-1), V is the volume of crushing medium,

W is the fresh weight of leaf, A600 is the absorbance at

600 nm wavelength and A532 is the absorbance at 532 nm

wavelength.

Estimation of total proline content

Free proline content in leaves was determined in accor-

dance with the method of Bates et al. (1973). 200 mg of

fresh leaf sample was ground in 2 ml of 3 % sulphosali-

cylic acid in a chilled mortar and pestle. The ground

material was centrifuged at 11,0009g for 15 min at 4�C.
The supernatant was collected to carry out the experiment.

The reaction mixture was prepared with 1 ml of crude

extract, 1 ml of 0.5 % ninhydrin reagent and 1 ml of gla-

cial acetic acid. The reaction mixture was boiled for

30 min in a water bath, then after cooling, 3 ml of toluene

was added to it. The tubes were shaken and the upper layer

of toluene was collected by a separating funnel. The

absorption of the colored sample was measured at 520 nm

against toluene. The amount of proline was calculated by
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referring to a standard curve of proline and was expressed

as lg of proline g-1 of tissue.

Nitric oxide estimation (NO)

Production of NO was estimated by haemoglobin assay

according to the method of Delledonne et al. (2001). Leaf

tissues of control and treated set were incubated in a

reaction mixture containing 10 mM L-arginine and 10 mM

haemoglobin in a total volume of 5 ml of 0.1 M phosphate

buffer (pH 7.4). Production of NO was measured spec-

trophotometrically at 401 nm and NO levels were calcu-

lated using an extinction coefficient of 38,600 M-1 cm-1

(Salter and Knowles 1998). After 2 h of incubation, NO

content in the reaction mixture was measured as nmol of

NO produced g-1 tissue h-1 and compared with appro-

priate control set.

Real time NO detection

Real time NO production was visualised using membrane

permeable fluorochrome 4-5 diaminofluorescein diacetate

(DAF-2DA) dye (Bartha et al. 2005). Lower epidermis of

leaf was peeled off and placed in a brown bottle containing

1 ml of loading buffer 10 mM KCl, 10 mM Tris HCl (pH

7.2) with DAF-2DA at a final concentration of 10 mM for

20 min in dark. Fluorescence was observed with Leica

DMLS microscope at excitation wavelength 480 nm and

emission wavelength 500-600 nm.

In vivo detection of H2O2

The in vivo detection of H2O2 in control and treated tomato

leaves was carried out using DAB by following the method

of Thordal-Christensen et al. (1997). After treatment as

mentioned earlier, the cut ends of the leaves were then

immersed in a solution containing 1 mg mL-1

diaminobenzidine (DAB) solution (pH 3.8) and incubated

for 8 h. After incubation a central 3 cm2 segment of leaves

were excised and laid adaxial surface up on filter paper

moistened with an ethanol and glacial acetic acid mixture

(3:1, v/v) until the chlorophyll had been removed. After

bleaching tissues were transferred to water soaked filter

paper for at least 4 h to relax and finally to paper soaked

with lactoglycerol (1:1:1, lactic acid:glycerol:water, v/v)

for another 24 h. The cleared leaf segments were then

observed under light microscope.

Statistics

All data presented were mean ± standard deviation (S.D.)

of three replicates. Statistical analyses were performed by

analysis of variance (ANOVA) using SPSS software

version 20 and the significance of difference between the

treatments was determined using Duncan’s Multiple Range

Test (p\ 0.05).

Results

Effects of abiotic elicitors on defense

and antioxidative enzyme activity

Application of abiogenic elicitors like K2HPO4, OA, INA,

SA, AS, AA and CaCl2 each at three different concentra-

tions were found effective in inducing defense related as

well as antioxidative enzymes in tomato leaves. Among all

the elicitors, CaCl2 (0.5 %) showed highest inductive

ability followed by INA (2.5 mM). After 24 h incubation,

CaCl2 (0.5 %) treated leaves showed 2.7, 2.04, 2.11, 2.39,

1.63 and 2.05-fold increased production of PO, PPO, PAL,

b-1,3 glucanase, CAT and APX compared to control,

respectively (Table 2). Similarly, accumulation of PO,

PPO, PAL, b-1,3 glucanase, CAT and APX was noted 2,

1.92, 1.87, 2.16, 1.62 and 1.96-fold higher in INA

(2.5 mM) treated leaves compared to control, respectively.

Furthermore, highest value for CAT and APX was recor-

ded as 2.22 and 3.01-fold increase over control in the

leaves treated with CaCl2 at a concentration 2 %. The least

inductive effect was observed in the leaves treated with

various concentrations of OA and AA. Enzymes activity

was found highest at lower or medium concentrations of

the elicitor treatment. However, CAT and APX activity

was elevated with the increasing doses of elicitors

(Table 2).

Effects of abiotic elicitor on total phenol

and flavonoid content in tomato plant

Abiotic elicitors showed a varied degree of influence on the

production of total phenol and flavonoid content in tomato

leaves. It is clear from the Fig. 1a that among all such

abiogenic elicitors, CaCl2 at a concentration 0.5 % and

INA (2.5 mM) have greater potential to significantly

amplify the production of phenol and flavonoid. 24 h post-

elicitation of both the elicitor showed 1.92 and 1.63-fold

increase in total phenol content compared to control

respectively. However, in case of flavonoid the values were

1.44 and 1.38-fold, respectively. In contrast, compare to

other sets of leaves treated with K2HPO4 (2 mM) showed

least amount of phenol and total flavonoid production.

Phenols are considered as the key component of plant’s

natural defense arsenal. So the elevated level of phenol and

flavonoid content in excised tomato leaves due to treatment

of various abiotic elicitors may confer the enhancement of

resistance to the plant.
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Effects of abiotic elicitor on NO production

in tomato plant

To examine whether defense augmentation in the excised

tomato leaves by elicitor treatment is NO mediated, we

examined the levels of NO production in all the abiogenic

elicitor treated leaves and compared them with the water

treated control. Almost 4.5 and 3.3-fold increase of NO

production was observed in the CaCl2 (0.5 %) and INA

(2.5 mM) treated plants over control, respectively. How-

ever, production of NO becomes reduced at the higher

concentrations of the same elicitors. Although other

elicitors did not show significant change of NO produc-

tion in the detached tomato leaves compared to control

(Fig. 2a).

These results were further established by real time

visualization by using DAF-2DA, a membrane perme-

able fluorophore extensively used for imaging of NO.

Pattern of change, in NO production showed similar kind

of observations as monitored by spectrophotometry

(Fig. 3).

Effects of abiotic elicitor on chlorophyll content

At higher doses of elicitor treatments, strong inhibition of

chlorophyll biosynthesis was recorded (Fig. 2b). However,

elicitors at lower concentrations like CaCl2 (0.5 %), AS

(1 mM), AA (0.1 mg/ml), OA (1 mM), SA (1.25 mM) and

INA (2.5 mM) showed 1.61, 1.48, 1.47, 1.42, 1.23 and

1.12-fold elevation of chlorophyll production than control

respectively. In comparison to the control, highest 68 %

reduction of total chlorophyll content was observed in

tomato leaves treated with K2HPO4 (50 mM).

Effects of abiotic elicitor on ROS production

in tomato plant

Generation of ROS is a characteristic of elicitor perception

by the plants and it is responsible for multifaceted defense

responses in plants including signaling. However, excess

production of ROS is detrimental to plant tissues as it is

involved in programmed cell death. In this connection,

generation of ROS in the elicited tomato leaves was

Fig. 1 Effect of abiotic elicitors

on production of total phenol

(a) and total flavonoid content

(b) in tomato plants. Values

represent mean ± SD of three

separate experiments, each in

triplicate. Sharing the same

letter are not significantly

different (p\ 0.05) using

Duncan’s multiple range test
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monitored by using DAB, a dye widely used for the

detection and imaging of H2O2. Formation of H2O2 was

detected in the leaves treated with elicitors at optimum

concentrations in which it showed greater influence on the

accumulation of defense enzymes and NO production.

From the Fig. 4 it was clearly indicated that the amount of

ROS production varied according to the nature of chemical

elicitors used. Relatively higher degree of ROS generation

was noticed in all the elicitor treated leaves except those

treated with CaCl2 (0.5 %) and INA (2.5 mM). Moderate

quantity of H2O2 generation indicates the balanced pro-

duction of ROS in the leaf tissue.

Effects of abiotic elicitor on lipid peroxidation

and Proline content in tomato plant

Malondialdehyde (MDA) content was measured in the

elicitor treated tomato leaves to justify the extent of oxida-

tive stress. Varied degree of MDA content was observed in

tomato leaves according to the nature and concentration of

elicitors. Generally, treatment of tomato leaves with the

higher dose showed elevated amount of MDA generation.

K2HPO4 at a concentration 50 mM caused fourfold increase

of MDA content compared to control and was recorded

highest (Fig. 5). However, in the leaves treated with CaCl2
(0.5 %), OA (1 mM), SA (1.25 mM), AS (1 mM), AA

(0.1 mg/ml) and INA (2.5 mM), MDA content remain as

basal level like control (Fig. 5a).

Like lipid peroxidation rate, proline content in the tomato

leaves was also influenced by application of abiotic elicitors.

The free proline content was significantly enhanced in the

elicitor treated tomato leaves compared to the control

(Fig. 5b). In comparison to control, highest 2.5-fold

enhanced free proline production was observed in the sets

treated with OA at a concentration 5 mM and which was

followed byOA (2.5 mM) andK2HPO4 (50 mM). However,

least increase in free proline content was observed in the

leaves treatedwithCaCl2 at a concentration 0.5 %. Increased

production of free proline content also indicates the gener-

ation of oxidative damages to the leaf.

Discussion

In the present scenario of food safety and sustainable

agriculture, it is evident to develop a useful strategy for the

development of broad-spectrum biotic stress-tolerant crops.

Fig. 2 Effect of abiotic elicitors

on production of NO (a) and
total chlorophyll (b) in tomato

plants. Values represent

mean ± SD of three separate

experiments, each in triplicate.

Sharing the same letter are not

significantly different

(p\ 0.05) using Duncan’s

multiple range test
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Plants need appropriate stimuli or signal to activate their

array of defense mechanisms. Elicitors, the small mole-

cules, can able to mimic the pathogen insight by a plant

following activation of various modes of complicated

defense reactions which includes hypersensitive response,

antimicrobial compound synthesis, lignin accumulation in

the cell wall, and over-expression of plant defense related

genes (Acharya et al. 2011a; Chandra et al. 2014a).

Primary aim of this work was to screen potentiality of

selected elicitors to confer broad spectrum disease resis-

tance to the model plant tomato. It was evident from our

results that abiotic elicitors like K2HPO4, OA, INA, SA,

AS, AA and CaCl2 at a specific concentration significantly

induce the plant defense molecules. However, CaCl2
(0.5 %) and INA (2.5 mM) was found to be most efficient

among all the tested chemicals. Induced defense enzymes

Fig. 3 Real-time determination

of NO in leaf epidermal cells by

DAF-2DA staining. NO

generation was detected by

green fluorescence. Control (a),
K2HPO4-25 mM (b), OA-1 mM

(c), INA-2.5 mM (d), SA-
2.5 mM (e), AS-2.5 mM (f),
AA-0.1 mg/ml (g), and CaCl2-

0.5 % (h), treated set
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Fig. 4 H2O2 detection in tomato leaves by DAB stain, 24 h after

abiotic elicitor treatment. Control (a), K2HPO4-25 mM (b), OA-

1 mM (c), INA-2.5 mM (d), SA-2.5 mM (e), AS-2.5 mM (f), AA-

0.1 mg/ml (g), and CaCl2-0.5 % (h) treated set. Arrows indicate the

site of generation of H2O2

Fig. 5 Effect of abiotic elicitors

on lipid peroxidation (a) and
proline content (b) in tomato

plants. Values represent

mean ± SD of three separate

experiments, each in triplicate.

Sharing the same letter are not

significantly different

(p\ 0.05) using Duncan’s

multiple range test
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like, PPO and PO participate in a vital role in activation of

hypersensitive response. Both of them not only help in the

strengthening of cell wall but also act as a transducer of

signals to the neighboring unaffected cells (Lamb and

Dixon 1997; Acharya et al. 2011a; Chandra et al. 2014a).

Another defense enzyme, PAL, being one of the key

enzymes of the phenylpropanoid pathway, involved in the

biosynthesis of phytoalexins, lignins and related phenolic

compounds (Pellegrini et al. 1994). Therefore, augmented

PAL activity might be able to reduce the severity of disease

occurrence. b-1,3 glucanase, a PR 2 class of protein

encoded by the host, breaks the linkage of the key cell wall

material of the pathogen (Chandra et al. 2014b). Moreover,

activation of all such defense-related molecules (such as

defense enzymes, total phenol and flavonoids) is known to

play an important role to increase the host resistance

against broad range of biotic stresses (Naveen et al. 2013).

In this study, excised leaves of tomato when elicited with

CaCl2 (0.5 %) and INA (2.5 mM) induced defense

enzymes such as PPO, PAL, PO and b-1,3 glucanase on an

average twofold and 1.8-fold compared to control,

respectively. Although, treatment of tomato leaves with

other chemical elicitors such as K2HPO4, OA, SA, AS and

AA showed enhancement of those enzymes but values

remain, significantly lower than the leaves treated with

CaCl2 (0.5 %) or INA (2.5 mM). This observation supports

the findings of previous studies where pear fruits, tea plants

and chili leaves treated with CaCl2 showed enhanced

accumulation of b-1,3 glucanase, PO, PPO and PAL

enzymes (Tian et al. 2006; Chandra et al. 2014a; Chakra-

borty et al. 2015). Results also coincide with Acharya et al.

(2011a) where foliar application of INA was found to be

the most efficient in the induction of PO and PPO in

Raphanus sativus among all the elicitor tested. On the other

hand, application of SA (5 mM) and K2HPO4 (50 mM) on

detached cashew leaves showed maximum reduction of

anthracnose disease caused by Colletotrichum gloeospori-

oides (Lopez and Lucas 2002). Ajay and Baby (2010) also

showed that SA and acibenzolar-S-methyl ester (ASM)

application in Camellia sinensis significantly boost defense

enzymes production over the control and reduced disease

prevalence. However, in our study, SA (5 mM) and

K2HPO4 (50 mM) were found less effective to induce

defense enzyme activities than CaCl2 (0.5 %) and INA

(2.5 mM).

Moreover, healthy plant tissue contains phenols, as

preformed antimicrobial compounds, that hamper the

growth of fungi and others. Different types of such phenols

may include phenolic acids, simple phenols, flavonols,

isoflavones and alkaloids (Ashry and Mohamed 2011).

Phenol helps in disease resistance in many ways like

hypersensitive cell death and by lignifications of cell walls

(Biswas et al. 2012). The phenolic compounds may

involved in the enhancement of mechanical strength of the

host cell walls by which it can restrict the entry of the

pathogen (El Modafar et al. 2012). The accumulation of

phenolics by application of various elicitors has already

been acknowledged (Dong et al. 2010; El Modafar et al.

2012; Gupta et al. 2013). In this work, significantly

enhanced accumulation of total phenols and flavonoids was

observed in tomato leaves treated with CaCl2 (0.5 %) or

INA (2.5 mM), which might be an indication towards the

enhancement of defense arsenals in tomato plants.

CAT and APX are the important components of the

antioxidant system, played a vital role in eliminating and

maintaining the threshold level of H2O2 in a range of

cellular organelles (Najami et al. 2008). Our results

demonstrated that CAT and APX activities significantly

induced at higher concentrations of elicitors which signify

the production of ROS due to oxidative stress. Earlier it

was reported that application of higher concentration of

CuCl2 causes oxidative stress to tomato plant which may

be counteracted by the higher accumulation of CAT and

APX (Chakraborty et al. 2014). Present study also indicates

the same results where highest production of both the

antioxidative enzymes was recorded in the leaves treated

with CaCl2 (2 %) instead of CaCl2 (0.5 %). Furthermore,

earlier reports suggests that formation of H2O2, as a pro-

duct of oxidative burst, was prerequisite for later gene

activation (Repka 2001) but accumulation of H2O2 at

higher level turn into detrimental to the cell as it causes

peroxidation of membrane lipids (Hasanuzzaman et al.

2012). The extent of lipid peroxidation can be assessed by

the amount of MDA production, a derivative of polyun-

saturated fatty acid (Lin and Kao 2000). Our results

showed that lipid peroxidation was influenced by the

exogenous treatment of abiotic elicitors. However, com-

pared to control, lipid peroxidation rate remain at basal

level at lower concentration of elicitor treatments. Inter-

estingly, very high amount of MDA content was measured

in the leaves treated with K2HPO4 (50 mM) which coin-

cide with the earlier reports, where increased amount of

MDA production was observed in wheat, cotton, rice and

alfalfa (Sairam and Srivastava 2002; Diego et al. 2003;

Tijen and Ìsmail 2005; Wang and Han 2007) under higher

concentrations of salts. Although other treatments includ-

ing CaCl2 (0.5 %) and INA (2.5 mM) did not show sig-

nificant change of MDA content compared to control. On

the other hand, proline accumulation is one of the key

implementations of plants towards abiotic stress condition

like salinity, draught etc. (Giridara et al. 2000; Ramanjulu

and Sudhakar 2001). In the present experiment, free proline

content was significantly elevated in the plants treated with

higher dose of abiotic elicitors which suggests that those

concentrations of elicitors cause abiotic stressful condition

to the plants. However, CaCl2 (0.5 %) and INA (2.5 mM)
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treated leaves showed very less amount of free proline

content and values remain very close to control which

indicates that plants are not in abiotic stress. Results

coincide with the findings of Li et al. (2010) in which

proline accumulation became amplified at intermediate salt

level (200 mM) in the seedlings of castor bean.

The molecular foundation of complicated signalling

cascades of plant defense metabolite production needs

further exploration (Xu et al. 2005; Chandra et al. 2014a).

NO a small diffusible molecule is nowadays being recog-

nized as an emerging key signaling molecule in response to

broad range of stresses in plants (Neill et al. 2003; Romero-

Puertas et al. 2004; Khan et al. 2012). It appears to be an

early signaling factor that helps in orchestrating a number

of downstream signaling pathways (Perchepied et al.

2010). From our laboratory we have reported the correla-

tion between the NO generation and induction of defense-

related molecules due to application of elicitor on tea

leaves (Chandra et al. 2014b, 2015). Result suggests direct

involvement of NO in the signal transduction process

leading to induced defense responses in plants. In this

present study, elicitor treated leaves of tomato showed

superior NO production than the water treated control

leaves in dose-dependent manner. Mainly, CaCl2 at a

concentration 0.5 % showed the highest amount of NO

production in tomato leaves. However, INA (2.5 mM)

treated leaves also showed 3.3-fold increase over control.

These results coincide with our previous reports where

foliar application of CaCl2 and INA in tea and Raphanus sp

showed over production of NO with higher accumulation

of defense molecules, respectively (Chakraborty et al.

2011a; Chandra et al. 2014b). Furthermore, co-treatment of

chitosan-nano particles with NO scavenger or nitric oxide

synthase (NOS) inhibitor lower down NO accumulation to

basal level in the leaves of tea and indicating a strong

positive relationship with plant defense modulators

(Chandra et al. 2015). NO signaling is usually related to its

cross talk with ROS. Almost all the abiotic stressors

response generates free radicals and other oxidants, in

different cellular organelles (Mano 2002), which produces

oxidative stress in terms of an increased level of ROS in

plant cells (Mittler 2002). In the present investigation,

DAB staining of tomato leaves revealed that all the treat-

ments except CaCl2 and INA (2.5 mM) induced ROS

accumulation over the untreated control. This indicates

CaCl2 and INA-treatment produce greater amount of NO in

tomato leaves which ultimately scavenge excess amount of

ROS and maintain a steady level. Similar reductions of

MDA and H2O2 in sodium nitroprusside (SNP, potent NO

donor) applied seedlings were documented in various

plants (Song et al. 2006; Hasanuzzaman et al. 2011; Kong

et al. 2011).

Conclusion

It was observed that the abiotic elicitors mainly CaCl2
(0.5 %) and INA (2.5 mM) have shown a greater induction

ability on the production of defense enzymes like PO, PPO,

PAL, and b-1,3 glucanase, polyphenols and flavonoids in

tomato leaves. Antioxidative enzymes like APX and CAT

are also moderately induced. Higher concentrations of

elicitors may cause stress condition to the plant as produc-

tion of MDA and proline become extremely high. The NO

accumulation was also elevated in the elicitor treated leaves

which suggests that NO might help in balancing ROS level

as well as the signal molecule for the stimulatory effect on

this model plant system. Moreover, CaCl2 (0.5 %) also

increase chlorophyll production in tomato leaves. In con-

clusion, the overall results suggest that the use of CaCl2 and

INA at this low concentration showed strong positive reg-

ulation of plant defense. Further work is in progress to

understand the detailed mode of action of CaCl2 in in planta

level during host-pathogen combination.
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activity of superoxide dismutase peroxidase and glutathione

reductase in cotton under salt stress. Environ Exp Bot 49:69–76

Dong J, Wan G, Liang Z (2010) Accumulation of salicylic

acidinduced phenolic compounds and raised activities of

secondary metabolic and antioxidative enzymes in Salvia

miltiorrhiza cell culture. J Biotechnol 148:99–104

El Modafar C, Elgadda M, El Boutachfaiti R, Abouraicha E, Zehhar

N, Petit E, El Alaoui-Talibi Z, Courtois B, Courtois J (2012)

Induction of natural defense accompanied by salicylic acid

dependant systemic acquired resistance in tomato seedlings in

response to bioelicitors isolated from green algae. Sci Hort

138:55–63

Giridara KS, Madhusudhan KV, Sreenivasulu N, Sudhakar C (2000)

Stress responses in two genotypes of mulberry (Morus alba L.)

under NaCl salinity. Ind J Exp Biol 38:192–195
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